Abstract-The role of gain in an optical filter is advanced by good agreement between theory and experiment presented herein. The particular integrated photonic filter is composed of four semiconductor optical amplifiers and one four-port coupler located at the intersection of the amplifiers. The four-port coupler is realized using frustrated total internal reflection off a very thin slab of alumina embedded in the substrate. The delta function response of the filter is measured using an ultra-fast laser and cross-correlator, and the measured transfer functions agree well with a z-transform-based description of the device.
I. INTRODUCTION
T HE scale and scope of integrated photonics is currently increasing because of precision fabrication techniques [1] - [5] , new combinations of materials [6] - [9] , novel components [10] - [13] , and emerging applications [14] - [18] . In particular, recent advances in integrated photonics have provided new opportunities for novel photonic filter architectures. In this paper we describe an integrated photonic filter that is novel in its two-dimensional lattice architecture, its use of gain, and its incorporation of a compact nanophotonic coupler.
There have been recently, a variety of advances in integrated photonic filters [19] - [21] . Filters are used to condition and clean, to sort and to combine signals. In general, filters act upon a signal by splitting the signal, delaying these pieces relative to each other, and then recombining them, often with different weighting coefficients. In this manner, each spectral component sees a potential amplitude change and a potential phase shift.
A filter which incorporates gain is an active filter [22] - [25] . The use of gain in a filter can enhance its performance. For example, a higher quality factor may be achieved in an active filter since the desired frequency components may be amplified -an option not available in a passive device. Unfortunately, in optics the choice of gain is not nearly as ideal as in electronics, where transistors may be configured into nearly ideal operational amplifiers. Consequently the literature of active photonic filters is sparse, but examples do exist [26] , [27] . In this paper, we discuss the theory, fabrication, and experimental demonstration of an active photonic filter where the gain as well as delays is provided by semiconductor optical amplifiers (SOAs) realized in an InP-based quantum well structure. In ridge waveguide amplifiers, the splitting and recombining of the signal are accomplished by a novel nanophotonic frustrated total internal reflection (FTIR) fourport coupler [28] .
By way of motivation, the filter configuration presented here is the simplest example of a two dimensional active optical lattice filter. An NxM two dimensional active lattice offers a versatile array of multi-input multi-output (MIMO) transfer functions for a variety of signal processing tasks in a very compact programmable architecture [29] [30] [31] .
II. FILTER MODELING
The use of z-transform in modeling and synthesizing optical filters is well known [29] , [30] . In this section we apply this technique to the specific active filter developed herein. A similar architecture, albeit without gain, was treated in references [31] and [32] . Shown in Fig. 1 is the network diagram of the two-dimensional active lattice filter fabricated and demonstrated in this work. At the center of the structure is a four-port coupler, and attached to each port is the equivalent of a Fabry-Perot etalon that governs both gain and delay of the portion of the signal handling through it. Gains, denoted Fig. 1 .
The four regions of the filter are designated by subscripts W (west), N(north), E(east) and S(south). Thus the transmission and reflection coefficients on input/output 1 are labeled τ OW , τ W O , ρ OW , and ρ W O , respectively. Similarly, internal signal X 1 , approaches the west port of the central coupler where a portion of it is reflected by the coefficient ρ W , reflected to the right by the coefficient α W , reflected to the left by the coefficient β W , and transmitted through the coupler by the coefficient τ W . In the coherent case the field and field coefficients are used, and in the incoherent case the power and power coefficients are used [30] , [31] . In this work all 16 coupler coefficients are kept in the mathematical description to account for imperfections in the realization of the coupler. In order to comprehend a slight asymmetry of the device, the delays of longer N and W segments are z − p/2 while the delays of shorter E and S segments are z −q/2 [31] .
Derivation of a four-input, four-output linear time-invariant (LTI) transfer function is relatively straightforward. Tracing the signal flow through Fig. 1 , the various z-transforms are given by
and function between each pair of ports can be generated. For example, given an input at the S port, the transfer function at the E port is
. A Matlab symbolic toolbox program is used to solve for the transfer function.
III. DESCRIPTION OF THE DEVICE AND COUPLER
To further clarify the structure, an optical micrograph of a completed device is shown in Fig. 2 . Visible in the photograph are four bond wires making contact to four individually addressable SOA gain regions. At the intersection of the four ridge waveguides is the four-port coupler.
In Fig. 3 is shown a SEM of the intersection. The four metal plated ridge waveguide SOAs come together to a raised circular pad that supports the nanophotonic four-port coupler, visible in the SEM as an "X", aligned to the four sets of alignment markers at northwest, northeast, southwest, and southeast. The "X" is the opening of a deep narrow trench measuring approximately 140 nm wide and 3.0 μm deep, as shown in the cross-section in Fig. 4 . The operational principle of the coupler is frustrated total internal reflection [28] . The trench forms a gap narrow enough to support evanescent coupling (or tunneling) across the gap in addition to reflection. The high aspect ratio is a challenging etch [33] , [34] , that is alleviated by atomic layer deposition of alumina; without the dielectric fill the required trench width would be ∼90nm.
IV. FABRICATION OF NANOPHOTONIC COUPLERS
Fabrication of the high-aspect ratio trenches required for the nanophotonic coupler posed a unique challenge. Integration of nanofabrication techniques with conventional microfabrication technologies is central to the successful realization of the present device architecture. Fabrication of ridge waveguides in 2" InP wafers containing three 7.0 nm periods of compressively-strained GaInAsP quantum wells is done using conventional technologies as outlined in Fig. 5 .
Beginning with a waveguide-patterned sample, preparation for nanophotonic coupler trench etching [33] is conducted in several steps. First, a 1.0μm SiO 2 film is deposited using a Unaxis 790 PECVD at a sample temperature of 250°C. A thick dielectric material is chosen for to its low selectivity with respect to InP when exposed to HBr plasma chemistries. A ∼50nm film of 2% PMMA is spun onto the sample at 4500 RPM for 1 minute. Once the PMMA film is dry a ∼70nm thin film of chromium (Cr) is deposited using a Temescal ebeam evaporator at a deposition rate <0.5Å/s. As-deposited, these films form a Cr film to be cut by focused ion beam (FIB) to define a metal hard mask used for reactive ion etching of the SiO 2 film which is subsequently utilized as a highly selective dielectric hard mask for inductively coupled plasma (ICP) etching of the InP material [33] .
The coupler features are milled into the Cr film using an FEI Nova 200 Focused Ion Beam after precision alignment to nano-alignment marks (Fig. 3) waveguide formation. Operational coupler orientation and placement tolerances of ±1.0°and ±1.0 μm, respectively, are determined by three-dimensional finite-difference timedomain simulation for acceptable optical performance. The processed nano-alignment marks demonstrably provide angular alignment to within ±0.5°and lateral displacement to within ±0.6 μm of the target location. FIB is performed with 30 KeV Ga + sputtering and 30 pA beam current, typical values chosen to pattern the Cr film with reasonable uniformity and smoothness. After FIB milling, the SiO 2 mask is dry etched to the depth of the InP by CHF 3 /Ar ICP using a Plasma-Therm ICP tool at 3 mTorr. The PMMA and Cr films are lifted-off using MF 319 to reveal the underlying SiO 2 pattern. High aspect ratio etching of trenches in InP is conducted using an HBr-based ICP chemistry at 160°C with a STS standard oxide etcher tool. Good etch results have been demonstrated with 150 nm wide × 4 μm deep trenches [33] , [34] . The remaining sacrificial SiO 2 hard mask is stripped away using a selective dry etch followed by buffered oxide etch (HF: DI H 2 O = 1:100). Fig. 4 (a) shows a typical cross-sectional SEM image of a vertical deep trench using HBr-based ICP dry etching. The trench depth is ∼3.9μm.
The high-aspect ratio trenches are filled with a dielectric material by atomic layer deposition (ALD), a process chosen for its superior conformal deposition characteristics of high aspect ratio features [35] . From among several candidate materials including zirconia, hafnia, and alumina, the last is selected on the basis of balancing width and ALD process time. Alumina (refractive index, n ∼1.71) is deposited using a Cambridge NanoTech Savannah 200 ALD system. Fig. 4(b) shows a cross-sectional SEM micrograph of a high-aspect ratio trench filled with alumina. The overall thickness of the ALDdeposited alumina is chosen so as to over-deposit by about 100nm such that the laterally-overgrown film on the surface of the sample may be removed by timed wet etching with 5% HF in DI water.
Devices are completed by the fabrication of electrical structures required to apply gain to regions of the ridge waveguides. As outlined in Fig. 5 , electrically isolated p-type Ti/Pt/Au contacts with thick Au plating are made to each gain region for subsequent gold wire bonding (Fig. 2) . A common n-type contact is deposited to the backside of the thinned (∼110μm) device structure to complete the electrical architecture [36] .
Select ∼950μm-length devices are cut from each die and packaged into a custom-designed submount (Fig. 6 ) and circuit board assembly. The packaging provides both electrical and optical input as shown in Fig. 6 while maintaining a 25°C device temperature using a thermoelectric cooler. Tapered optical fibers mounted on individual 500nm precision XYZ stages are used for launching (collecting) light into (out of) each device. A Newport 1830C optical power meter is used.
V. EXPERIMENTAL DEMONSTRATION
The nanophotonic coupler was tested by measuring nearfield mode intensity profiles with a standard end-fire coupling setup. The incident light from an Anritsu MG9638A tunable laser set at λ = 1.55 μm was coupled into the device via a tapered lens fiber (Fig. 6) . A Mitutoyo M-plan 50X microscope objective was used to image light emerging from the output end-facet of the waveguide onto an infrared camera, Electrophysics MicronViewer 7290A, and the mode intensity profiles were displayed on a monitor in real time. These images were further digitized and recorded by an image capture card NI PCI 1410 using LabVIEW. Transmission through the coupler was determined by coupling into facet 1 and measuring the near-field mode from facet 3. Reflection by the coupler was similarly determined by coupling into facet 4 and measuring the near-field mode from facets 1 and 3. These mode images are shown in Fig. 7(a) , (b), and (c), respectively. A comparison of mode intensities between transmitted and reflected light qualitatively indicates the different power splitting ratios of the coupler being tested.
The filter response of the device under test was measured in a time domain [37] , [38] . In principle, a short input pulse δ[n] will produce a succession of output pulses separated by multiples of the facet-nanophotonic coupler temporal spacing from the filter, and this output pulse train yields h [n] . A delta function input to the actual device was approximated by a picosecond pulse near 1550 nm; this pulse width is much shorter than the psec transit time between a facet and the nanophotonic coupler. The measurement provides the cross correlation of a delta function with the delta function response of the filter. The setup is shown schematically in Fig. 8 .
To generate the ultrashort input pulse a Precision Photonics FFL-1560 Femtosecond fiber laser is operated near 1558 nm to provide a stable 40 MHz train of ∼80 fsec FWHM pulse. Nonlinearities and dispersion in the setup and device are controlled by filtering with a 14nm tunable bandpass filter (BPF-1:1551nm-1565nm). The power is boosted by an erbiumdoped fiber amplifier (EDFA), and the second bandpass filter (BPF-2) is used to remove amplified spontaneous emission noise. The laser output is split into two beams by a 1×2 beam splitter with a splitting ratio of 50/50. One beam is used as a reference signal to ensure temporal overlap when recombined with the encoded beam in a BBO (β-BaB 2 O 4 ) crystal based second harmonic generation (SHG) cross-correlator (CORR). The other beam serves as an injection signal to interrogate the device under test. An optical delay line and a lengthmatched fiber are adjusted to obtain equal lengths for both optical paths. A Femtochrome model FR-103XL CORR is inserted for optical pulse train measurements. The FR-103XL CORR utilizes a mechanical rotating mirror assembly to continuously sweep the physical path length, therefore the delay, of one of the input signals [39] . The path length of the other input signal is fixed. The rotation rate of the mirror assembly is in the millisecond range. The time delay varies between the two input signals resulting in a scale factor of ∼30psec/msec. The SHG signals detected by a photomultiplier tube inside the CORR are recorded by a Tektronix TDS 2022B oscilloscope.
The CC measurement of an interrogation pulse without the device under test is performed with direct fiber-to-fiber coupling to check quality of the interrogation pulse. Since the FR-103XL CORR is configured for vertical input beam polarization (S-polarization), polarization states of the two input beams must be controlled by both linear polarizers and manual fiber polarization controllers (PCs), as shown schematically in Fig. 8 . The inset of Fig. 8 is a representative CC trace of the interrogation pulse with a hyperbolic secant function fit. The scan window of CORR is ∼200ps. The CC traces of pulse trains are averaged 128 times on the oscilloscope to reduce random/uncorrelated noise. Fig. 9 shows cross-correlation traces of optical pulse trains measured at port 4 of the filter with the injection of different driving currents due to an ultrashort input pulse coupled into port 1 for each case. These traces are smoothed using a Savitzky-Golay filtering method based on least squares polynomial fitting across a moving window within the data in the time domain [40] . As expected, more pulses are observed at the output as the total applied current is increased, and this indicates that the filter response changes with optical gain. Note that in Figure 2 
VI. COMPARISON OF EXPERIMENT AND THEORY
The time response of an optical filter may be characterized by a discrete impulse response, h [n] , and the frequency response of the filter can be derived from a z-transform that converts a discrete time signal into a complex-variable frequency signal by [38] , [41] 
where z is a complex variable, and z −n represents a delay. A unit delay is represented, for example, by z −1 . In this description, the input signal, u(n), is related to the output signal, y(n), by a linear difference equation,
where n a is the number of poles, n b is the number of zeros (+1), and n k is the number of samples before the input affects output of the system. Sample number n k = 1 is typically used for a sampled data control system. This autoregressive model with exogenous input (ARX) [42] may be used to simulate a transfer function for experimental magnitude response in this work. Therefore, the z-transform for the transfer function of the IIR filter is given by
where b M and a N can be fitted by a ratio of polynomials in a system identification toolbox with a least square method in Matlab.
In this context, the pulse train of Fig. 9 provides the delta function response of the filter. A minimum sampling time of ∼0.12ms corresponding to 3.6psec is thus selected to extrapolate the CC traces, and the corresponding discrete impulse responses, h[n], with 17 outputs nominally separated by the unit delay is shown in the left of Fig. 10 . The righthand figures compare experimental magnitude responses and the simulated magnitude responses using the ARX model. Since the theoretical model described in section II predicts the transfer function of the filter with an eighth-order system having 8 poles and 6 zeros, the ARX 871 model, where n a = 8, n b = 7, n k = 1, is used to simulate experimental magnitude responses. Referring to Eq. (5), b M and a N of the transfer functions simulated by the ARX model are given in Table I . . Poles and zeros of the filter response for which transfer functions are given according to the ARX model for cases 1-3. The zeros are denoted " ," " ," and " " the poles are denoted "×," "+," and " * ," for each case respectively. Poles and zeros are related to the frequency spectrum by their positions on a complex z-plane and these serve as a guide for the filter performance. Fig. 11 is a comparison of three difference pole-zero distributions, including the possible trajectories of those poles and zeros as the current is adjusted. Here the poles and zeros occur in complex conjugate pairs. Location of poles (zeros) near points on the unit circle corresponds to frequencies to be emphasized (deemphasized). Several poles and zeros move toward the unit circle between cases 1 and 3. Each case represents a different gain provided to the filter device due to the injection of a different driving current. In addition, poles lying inside the unit circle are indicative of stable filter behavior, and this criterion was followed to select the injection current values in the characterization work. In the case of this active SOA based device, unstable behavior resulting from a pole outside the unit circle is actually lasing behavior. There is one zero located outside the unit circle in each case. This indicates that the filter is being represented by a transfer function that consists of a mixture of minimum and maximum phase zeros and is said to be a mixed-phase filter [20] .
In order to fit the experimental magnitude responses theoretically with the model described in section II, the coupler coefficients were chosen to be ρ d = 0. Table III . Fig. 13 shows the pole-zero distribution of the filter for which transfer functions are used based on the filter model with the z-transform technique. The possible trajectories of those poles and zeros are also plotted. All the poles and zeros move toward the unit circle from case 1 to case 3. Accordingly, as the injection current is adjusted, the optical gains are changed and this may be used to tune the optical transfer function of the device. For example, tuning the total current between 50 mA and 325 mA changes the quality factor of the filter from 7 to 15(×10 3 ) in an approximately linear manner. We also note that the coefficients in Tables I, II and III are sufficient to plot the phase response of the filter when desired.
VII. CONCLUSION
In this paper we discussed an integrated photonic filter that is novel in its architecture, its particular use of gain, and its incorporation of a nanophotonic coupler. The filter is comprised of four semiconductor optical amplifiers and one four-port coupler located at the intersection of the amplifiers. The four-port coupler is realized using frustrated total internal reflection off a very thin slab of alumina embedded in the substrate. The delta function response of the filter is measured using a picosecond pulse and a cross-correlation, and these measurements agree well with a z-transform based description of the device. The experimental results for the filter are in good agreement not only with the best fit to the expected form of the transfer function, but also to the estimated parameters for the gain and coupler coefficients of the device. As predicted by the theory, changing the gain of the SOAs changes the transfer function of the filter, and increasing the current sharpens the filter response.
The device also successfully implements a novel nanophotonic coupler. Because the coupler operates using frustrated total internal reflection, the footprint it occupies on the chip is minimal. This saves real estate and also contributes negligibly to the group delay of the overall filter. The response of the FTIR coupler is flat across the gain spectrum of the device. Further, in operation, the mode of the field in the waveguides is not decomposed or broken up before re-propagation, and hence the FTIR coupler is inherently efficient.
The adiabatic adjustments of the injection current in this work avoided complicated SOA dynamics [43, 44] . Under this criterion the filter response of the device may be tuned at least up to rates of 10s of MHz. Beyond that, carrier rate dynamics may impact the performance of the device.
The role of gain in an optical filter is a relatively underexplored area. In this paper we have presented the demonstration of a novel integrated active photonic filter. The structure of the filter is a lattice filter, and to take advantage of the real estate on a III-V die a two-dimensional lattice filter is implemented. The architecture chosen here can extend across the two dimensions of the chip to provide an array of poles and zeros that may be deployed for different applications. 
